Acquisition, tracking, and pointing (ATP) is a key technology in free space laser communication that has a characteristically high precision. In this paper, we report the acquisition and tracking of low-Earth-orbit satellites using shipborne ATP and verify the feasibility of establishing optical links between laser communication satellites and ships in the future. In particular, we developed a shipborne ATP system for satellite-to-sea applications in laser communications. We also designed an acquisition strategy for satellite-to-sea laser communication. In addition, a method was proposed for improving shipborne ATP pointing error. We tracked some stars at sea, achieving a pointing accuracy of less than 180µrad.We then acquired and tracked some low-Earth-orbit satellites at sea, achieving a tracking accuracy of about 20µrad. The results achieved in this work experimentally demonstrate the feasibility of ATP in satellite-to-sea laser communications. Appl. Sci. 2019, 9, 3940 2 of 15 experiments only involve space and ground communication links or short-distance communication between ships. Since water bodies occupy more than 70% of the earth's surface and given the rising demand for maritime communications, the global-scale communication network is bound to extend from the ground to the sea in the future. Huge volumes of data need to be transmitted by satellite. Thus, there is an urgent need to conduct experimental verifications of laser communication between satellites and ships at sea.
Introduction
Laser communication is a technology that uses a laser beam as a carrier to transmit information in space [1, 2] . The laser beam used in space laser communication is emitted at an angle that is near the diffraction limit. The divergence angle of very narrow communication beams requires both communicating sides to maintain extremely high dynamic alignment accuracy. With the ultimate aim of realizing a global-scale laser communication for practical use, many significant achievements have been made in the past decades, such as the demonstration of links for building-to-building communication [3, 4] , airborne applications [5] [6] [7] , inter-satellite applications [8, 9] , satellite-to-ground [10] [11] [12] [13] [14] [15] [16] , and ship-to-ship communication [17] [18] [19] . However, currently, most of the communication link between the satellite and the sea, laser communication is achieved until the satellite passes through. The acquisition strategy is summarized in Figure 1 . 
Method for Improving the Pointing Error
The acquisition protocol involves the shipborne ATP irradiating the satellite to initiate a link. The ATP is fixed on the ship. As the ship moves, the ATP is affected by sea waves, thus producing three periodic yaw, pitch, and roll disturbances, which cause the ATP's line-of-sight axis to wobble a few degrees. The divergence angle of the uplink beacon laser cannot be increased indefinitely; it is generally several milliradians and much smaller than the swaying amplitude. To achieve the acquisition of a satellite, the acquisition performance can only be improved by reducing the pointing error. The absolute pointing error is defined as the angular separation between the actual direction and the intended ATP line-of-sight [26] . In invisible satellite target acquisition, the pointing accuracy of the telescope is one of the important indices for the establishment of optical links. In our experiment, several factors contribute to the pointing error, including the attitude of the ship platform pre-compensation accuracy, installation error calibration accuracy, and systematic errors calibration accuracy.
Pre-compensation for Ship Platform Attitude
During the initial acquisition stage, the target coordinate value (A,E) in the Northeast celestial coordinate system is converted to cc (A , E ) in the deck coordinate system. cc (A , E ) is used to guide the ATP to open-loop pointing.
As shown in Figure2a, the Northeast celestial coordinate system is defined as O-XYZ, where OX is due North, OY is due east, and OZ is due sky. The origin, O is the intersection of the azimuth axis and the pitching axis of the tracking equipment. The polar coordinates of the observation point, M are (A, E), while the projection of M on the OXY plane is N. A represents the azimuth angle, that is, the included angle of XON, which is positive when overlooking clockwise. E represents the elevation 
Method for Improving the Pointing Error
Pre-compensation for Ship Platform Attitude
During the initial acquisition stage, the target coordinate value (A, E) in the Northeast celestial coordinate system is converted to (A c , E c ) in the deck coordinate system. (A c , E c ) is used to guide the ATP to open-loop pointing.
As shown in Figure 2a , the Northeast celestial coordinate system is defined as O-XYZ, where OX is due North, OY is due east, and OZ is due sky. The origin, O is the intersection of the azimuth axis and the pitching axis of the tracking equipment. The polar coordinates of the observation point, M are (A, E), while the projection of M on the OXY plane is N. A represents the azimuth angle, that is, the included angle of XON, which is positive when overlooking clockwise. E represents the elevation angle, which is the angle MON, where up is positive. L represents the distance from the tracking device to the observation point.
deck plane, upward is positive. The origin O is consistent with the Northeast celestial coordinate system. The projection point of M on plane c c OX Y is c N .The polar coordinates of M in the deck coordinate system are defined as c c (A , E ) . c A represents the azimuth angle of the deck, where clockwise is positive. c E represents the elevation angle of the deck; upward is positive. As shown in Figure2c, the roll angle, R is the angle obtained by rotating the fore-and-aft line of the deck platform, and the port side rising is defined as a positive angle. The pitch angle, P is the angle included between the fore-and-aft line and the horizontal plane, and P is the positive angle when the bow is raised. The yaw angle, H is the rotation angle of the fore-and-aft line about the zaxis, and the clockwise angle is the positive angle. When the shipborne ATP tracks a target, it is necessary to convert (A, E) of the target in the Northeast celestial coordinate system to of the deck coordinate system for guidance and tracking.
In the Northeast celestial coordinate system, the transformation relationship exists between the polar coordinate system and rectangular coordinate system is given by Equation (1):
In the deck coordinate system, the transformation relationship between the polar coordinate system and rectangular coordinate system is given by Equation (2): 
When the ship is affected by yaw, pitch, and roll at the same time, it shall be convertedin the order of yaw, pitch, and roll. The attitude rotation matrix, t ξ is given by Equation (3):
The conversion expression is shown in Equation (4) below: As shown in Figure 2b , the deck coordinate system O − X c Y c Z c is defined; the axis X c is the fore-and-aft line, while the bow direction is forward. The axis OZ c is positive clock wise; the axis Y c is perpendicular to the fore-and-aft line in the deck plane, whereas the axis OZ c is perpendicular to the deck plane, upward is positive. The origin O is consistent with the Northeast celestial coordinate system. The projection point of M on plane OX c Y c is N c . The polar coordinates of M in the deck coordinate system are defined as (A c , E c ). A c represents the azimuth angle of the deck, where clockwise is positive. E c represents the elevation angle of the deck; upward is positive.
As shown in Figure 2c , the roll angle, R is the angle obtained by rotating the fore-and-aft line of the deck platform, and the port side rising is defined as a positive angle. The pitch angle, P is the angle included between the fore-and-aft line and the horizontal plane, and P is the positive angle when the bow is raised. The yaw angle, H is the rotation angle of the fore-and-aft line about the z-axis, and the clockwise angle is the positive angle.
When the shipborne ATP tracks a target, it is necessary to convert (A, E) of the target in the Northeast celestial coordinate system to (A c , E c ) of the deck coordinate system for guidance and tracking.
In the deck coordinate system, the transformation relationship between the polar coordinate system and rectangular coordinate system is given by Equation (2):
When the ship is affected by yaw, pitch, and roll at the same time, it shall be convertedin the order of yaw, pitch, and roll. The attitude rotation matrix, ξt is given by Equation (3):
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The conversion expression is shown in Equation (4) below:
cos HcosP sin HcosP sin P − sin HcosR − cos HsinPsinR cos HcosR − sin HsinPsinR cos PsinR − cos HsinPcosR + sin HsinR − sin HsinPcosR − cos HsinR cos PcosR
It can be obtained the Equation (5) from Equations (1) and (2):
Thus, the target guidance value under the deck coordinate system can be obtained, as shown in Equation (6):
It can be seen from Equation (6) that the measurement accuracy for attitude (H, P, R) is one of the key factors affecting the accuracy of shipborne ATP pointing. The attitude error of the shipborne ATP is the main source of error that affects the orientation of the line-of-sight. We used an attitude pre-compensation unit (Figure 3 ), which used a combined inertial navigation equipment composed of a gyroscope, accelerometer, and GPS (GPS/INS) to measure the attitude of the ship. We made pre-compensation for the attitude by 200Hz, compensating for the wobble of the ATP line-of-sight axis caused by the swaying of the ship. The attitude error of the shipborne ATP is the main source of error that affects the orientation of the line-of-sight. The attitude of the ship is measured by the GPS/INS unit, which is converted into a compensation amount for the ATP line-of-sight axis for real-time attitude compensation using Equation (6) . 
It can be seen from Equation (6) The accuracy of the GPS/INS unit measurement is shown in Table 1 . The angle measurement error for the GPS/INS unit roll and pitch direction root-mean-square (RMS) was δ Pitch = δ Roll = 0.09mrad (root-mean-square.) whereas the yaw direction angle measurement error was δ Yaw = 0.18mrad (RMS). From Equation (6), the target guidance error caused by the GPS/INS unit can be obtained as shown in Equation (7), δ azimuth = 0.18mrad (RMS) and δ elevation = 0.09mrad (RMS).
To improve the precision of the attitude compensation, the ship's attitude at the present moment as measured by the GPS/INS unit is used to predict the ship's attitude at a future time, while the guidance value of the target is pre-compensated. We used attitude velocity filtering and extrapolation to compensate the attitude lag. The running cycle of the software is 20 ms, and the attitude measurement data sent to the controller for execution needs three frames, a total of 60ms. Areal-time lag compensation of 60 ms was determined by testing the lag frame number on the swing table, so that the precision of the line-of-sight disturbance compensation reached the angular second level.
Installation Error Model
During the installation of the GPS/INS unit, inevitable installation errors are incurred between the measuring axis of the GPS/INS unit and the ATP pointing axis. If there is an error between the installation of the GPS/INS unit and the ATP, the attitude compensation accuracy will be affected and the pointing accuracy of the ATP will decrease. Therefore, after the installation of the GPS/INS unit and ATP, the rotation relationship between the platform coordinate system represented by the GPS/INS unit O − X p Y p Z p and the shipborne ATP deck coordinate system O − X c Y c Z c needs to be calibrated (Figure 4) . When measuring the equipment attitude, it is necessary to convert the inertial attitude to the coordinate system of the equipment. From Equation (6), the target guidance error caused by the GPS/INS unit can be obtained as shown in Equation (7), azimuth =0.18mrad δ (RMS) and elevation =0.09mrad δ (RMS). 
To improve the precision of the attitude compensation, the ship's attitude at the present moment as measured by the GPS/INS unit is used to predict the ship's attitude at a future time, while the guidance value of the target is pre-compensated. We used attitude velocity filtering and extrapolation to compensate the attitude lag. The running cycle of the software is 20ms, and the attitude measurement data sent to the controller for execution needs three frames, a total of 60ms.Areal-time lag compensation of 60 ms was determined by testing the lag frame number on the swing table, so that the precision of the line-of-sight disturbance compensation reached the angular second level.
During the installation of the GPS/INS unit, inevitable installation errors are incurred between the measuring axis of the GPS/INS unit and the ATP pointing axis. If there is an error between the installation of the GPS/INS unit and the ATP, the attitude compensation accuracy will be affected and the pointing accuracy of the ATP will decrease. Therefore, after the installation of the GPS/INS unit and ATP, the rotation relationship between the platform coordinate system represented by the GPS/INS unit 
We can get from Equations (3) and (4), as shown in Equations (9). The Equations (8) can be obtained from Equations (3) and (4), and Euler's theorem:
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where (A c , E c ) represents the target polar coordinate in the deck coordinate system, (A, E) represents the target coordinate value in the Northeast celestial coordinate system, ξt represents the attitude rotation matrix, and Ψt is the installation error matrix for the shipborne ATP and the GPS/INS unit.
Ψt is the parameter to be calibrated, Λ c and Λ are coefficient matrices determined by experimental data, and the linear model of installation error can be expressed as Equation (10):
The method of "star tracker" is used to evaluate the absolute pointing error of telescope, which is the main method to determine the absolute pointing error of ATP [27] . Because of the high precision of the known positions of stars in the sky, the identification of star signals provides a powerful tool for checking the absolute ATP alignment. In practical application, a star is considered a measurable point in the sky, and the least square fitting technology provides a solution for the absolute pointing error assessment [28] .
In fact, we know the theoretical coordinates of the stars (A i , E i ) in the Northeast celestial coordinate system. When measuring the star using the shipborne ATP, the measured value of the stars (A c i , E c i can be obtained from the deck coordinate system. Several stars in the all-sky region were measured, and the error matrix,Ψt was obtained by fitting with the least square method.
To sum up, the undetermined parameterΨt of the installation error model is calibrated by the least square method, and the residual error ∆ is calculated by substituting into Equation (10) . We regard residual error ∆ as the systematic error of ATP. In the next section, the residual error is further corrected by establishing the shipborne system error correction model to achieve a high absolute pointing accuracy.
Systematic Errors Model
Due to the influence of machining, installation, and other factors, the telescope contains systematic errors. The error sources include the non-verticality of the horizontal and vertical axes, non-orthogonality of the visual and horizontal axes, and bending of the mirror tube and displacement of the optical axis. For ground telescopes, the research on absolute pointing accuracy correction method is relatively mature [29, 30] . But at present there is no good method to complete the high precision systematic error calibration on the mobile platform.
We take the installation error model and systematic error model into consideration, and get the following expression, as shown in Equation (11):
where, (Â c i ,Ê c i ) can be obtained from the equationΛ =Ψt * ξt * Λ, (∆A c i , ∆E c i ) are the observation error; f (A c i , E c i ) and g(A c i , E c i ) represent the approximate functions with the pointing angles (A c i , E c i ) as unknowns, that is, the systematic error correction model; ε i and τ i are residual errors.
According to Figure 2 , the zero position of the azimuth encoder is no longer aligned with due North, but with the zero position of the fore-and-aft line. Therefore, we consider the deck coordinate system as the reference when designing the error model.
The expression for the mount model [31] is shown in Equation (12):
where d j , j = 1, 2, . . . , m are the model coefficients for the m terms; Υ j (A c i , E c i ) represents the function in azimuth residual of the azimuth, A c i and elevation E c i of star i, i = 1, 2, . . . , n; Γ j (A c i , E c i ) represents the function in elevation residual of the azimuth, A c i and elevation E c i of star i, i = 1, 2, . . . , n. The ATP mount model is presented in Table 2 . Table 2 . The ATP mount model.
Term Description Azimuth Function (Υ) Elevation Function (Γ)
1.
Azimuth encoder offset 1 -2.
Elevation encoder offset -1
3.
Azimuth axis tilt about fore-and-aft line − cos A c tan E c sin A c
4.
Azimuth axis tilt about axis Y c − sin A c tan E c − cos A c 5.
optical axis misalign sec E c -
6.
Non-orthogonality of Azimuth and Elevation axes − tan E c -
7.
Azimuth bearing ellipticity (sin) sin A c -8.
Azimuth bearing ellipticity (cos) cos A c -9.
Azimuth bearing ellipticity (sin) -sin E c 10.
Azimuth bearing ellipticity (cos) -cos E c 11.
Telescope tube flexure -cot E c 12.
Azimuth encoder scale error A c /2π -13.
Elevation encoder scale error -E c /2π 14.
Bi-periodic in azimuth cos 2A c -15.
Elevation encoder stiction -sin A c 16.
Elevation bearing stiction -E c sin A c
Installation and Systematic Error Model Calculation and Application Process
The installation and systematic error model can be obtained by the shipborne ATP's software automatically as shown in Figure 5a . ATP tracks and measures about 20 stars (magnitude less than 6, etc.) uniformly throughout the sky. Then the star's theoretical position (A i , E i ), measurement position (A c i , E c i ), and ship attitude (H i , P i , R i ) can be recorded. Once the measurements are available, the telescope will automatically track and measure the next star. The installation error matrix and systematic error model are solved by the least square method after all the stars measurement data are obtained. The whole process takes less than 10 min.
In the acquisition mode, the ideal point angle (A, E) in the Northeast celestial coordinate system is calculated according to the relationship between the target guidance position and the position of the ship. According to the measured attitude (H, P, R) and the installation error matrix Ψt, the guidance value (A c , E c ) in the deck coordinate system can be calculated. Then, according to the pointing error correction model, the pointing error (∆A c , ∆E c ) corresponding to the (A c , E c ) pointing angle is solved. Finally, the pointing error (∆A c , ∆E c ) is used to correct the actual pointing angle (A c , E c ), and the correct pointing angle (Â c ,Ê c ) is obtained as shown in Figure 5b 
Experiment and Results
We developed a shipborne ATP system ( Figure 6 ) mainly to verify the ability for acquisition and pointing, hence, a fast-steering mirror was not used at the fine pointing stage. The primary mirror in the ATP system is a reflecting Cassegrain telescope with an aperture of 75 mm and a focal length of 200 mm. The coarse-control loop included a two-axis gimbal telescope (azimuth rotation range of about −360° to +360°, elevation rotation range of about −5° to +90°) and a CCD camera (FOV of 0.97° × 0.91°, frame rate of 50 Hz). We set up the ATP system terminal on an experimental ship at Dalian city. After the installation of the ATP system, the experimental ship sailed to an experimental site (38 • 48.027 N, 121 • 50.037 E) in the sea. We calibrated the ATP system's pointing ability by tracking and measuring a batch of stars one hour before the experiment. The residual error after installation error correction is shown in Figure 7 while the residual error after systematic error correction is shown in Figure 8 . After obtaining the ATP system error model, a batch of stars were tracked and measured to verify the accuracy of the system error model. We used the shipborne ATP to track 15 stars with open-loop and obtained the pointing accuracy. The absolute pointing error obtained for the shipborne ATP azimuth was117.8µrad whereas the elevation was 128.1µrad (Figure 9 ). The total pointing error of ATP is given by δ pointing error , as shown Equation (13).
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We set up the ATP system terminal on an experimental ship at Dalian city. After the installation of the ATP system, the experimental ship sailed to an experimental site (38°48.027′ N, 121°50.037′ E) in the sea. We calibrated the ATP system's pointing ability by tracking and measuring a batch of stars one hour before the experiment. The residual error after installation error correction is shown in Figure 7while the residual error after systematic error correction is shown in Figure 8 . After obtaining the ATP system error model, a batch of stars were tracked and measured to verify the accuracy of the system error model. We used the shipborne ATP to track 15 stars with open-loop and obtained the pointing accuracy. The absolute pointing error obtained for the shipborne ATP azimuth was117.8μrad whereas the elevation was 128.1μrad (Figure 9 ). The total pointing error of ATP is given by pointing error δ , as shown Equation (13). Figure 10 shows the performance of the shipborne ATP with respect to the acquisition and tracking of a satellite. The azimuth and elevation tracking errors were both less than 20µrad (RMS). The azimuth initial acquisition error was 310µrad whereas the elevation initial acquisition error was160µrad. This error includes the orbital error of the satellite. Appl. Sci.2019, 9, x, x FOR PEER REVIEW 12 of 15 Figure 10 shows the performance of the shipborne ATP with respect to the acquisition and tracking of a satellite. The azimuth and elevation tracking errors were both less than 20μrad (RMS). The azimuth initial acquisition error was 310μrad whereas the elevation initial acquisition error was160μrad. This error includes the orbital error of the satellite.
(a) (b) Figure 10 . The shipborne ATP acquired and tracked the performance of a satellite. (a) The tracking error for the entire process and the initial error just appear in the field of view. The azimuth initial acquisition error was 310µrad whereas the elevation initial acquisition error was 160µrad. When the spot was in the tracking field, the azimuth tracking error was about 19.5µrad (RMS) while the elevation tracking error was about 14.6µrad (RMS). The tracking error in the stabilized time lasted from 10:15:58 to 10:21:28, about 330 seconds. (b) Ship attitude measurement. The yaw, pitch, and roll curves of the ship measured by the GPS/INS unit.
Conclusions
We tracked some stars at sea, achieving a pointing accuracy of less than 180µrad. We acquired and tracked some Low-Earth-orbit satellites at sea, achieving a tracking accuracy of about 20µrad. In this work, we have taken other sources of error into account, including position and alignment errors. The initial coarse orientation of the ATP was based on the satellite's predicted orbital position, with an uncertainty generally less than 200 m.A position error is less than 0.1mrad at 2000 km. An alignment error of less than 0.05mradcan be achieved between the beacon laser and tracking camera after adjustment. We can obtain a total initial open-loop pointing error of less than 0.324mrad, including position error (less than 0.1mrad at 2000 km), pointing error (less than 0.174mrad), and alignment error between the beacon laser and tracking camera (less than 0.05mrad). In accordance with two-dimensional Gaussian distributions, if the acquisition probability reaches 98.9%, the initial open-loop pointing error (RMS) of the shipborne ATP must be less than one-sixth of the beacon divergence angle. If the divergence angle of the ATP uplink beacon laser is greater than 2mrad, the shipborne ATP system open-loop pointing beacon laser spot can irradiate the satellite. Therefore, by verifying the pointing accuracy of the shipborne ATP and selecting the appropriate divergence angle for the uplink beacon, optical links between the shipborne ATP and the satellite can be established. We achieved significant experimental results for the shipborne ATP acquisition and tracking that will contribute to the realization of laser communication in free space between satellites and the sea.
